Introduction
Over the last decade, a number of studies have focused on the role of psychological and social stress factors in oral health [1] [2] [3] . These studies have shown that stress-related processes change oral biology, increase the rate of dental caries, and adversely affect oral health. Because different fluoride formulations are widely used to prevent dental caries [4] [5] [6] [7] [8] [9] [10] [11] [12] , it is necessary to learn more about salivary fluoride kinetics during stress reactions to further improve caries prophylaxis. Only a few studies have demonstrated an association between psychological stress and dental caries [1, 13] , but no study has examined the influence of acute psychological stress on the kinetics of salivary fluoride bioavailability.
Under normal conditions, saliva is a mixture of fluids secreted by the major and minor salivary glands. Upon the release of glandular secretions into the oral cavity, the fluid is further mixed with a variety of cellular and exogenous components to ultimately form whole saliva. Whole saliva naturally acts as a solvent and carrier for topically applied fluoride ions that enhance the remineralization process for eroded and carious enamel and dentin [14] [15] [16] .
Human stress research has demonstrated that the secretion of salivary proteins and the salivary flow rate are affected by the neuroendocrine system [17, 18] . In particular, protein exocytosis from salivary glands primarily results from receptor activation by sympathetic stimulation, whereas fluid secretion results from activation by parasympathetic stimulation [19, 20] . Physi-cal [21] [22] [23] and mental stress [24] induce hypothalamus pituitary adrenal (HPA) axis activation, which ultimately leads to a rise in salivary cortisol levels [25] [26] [27] [28] [29] that primarily reflects changes in cortisol plasma concentrations [30, 31] . In normal daily situations, the waking process, according to the biological mechanisms involved in reactions to stress, also induces a cortisol awakening response [8, 9, [32] [33] [34] [35] that can be detected by the 50% to 100% increase in wake-up salivary cortisol levels half an hour after waking [36] . A similar increase in cortisol levels can be experimentally simulated by public speaking [37] . The dry mouth feeling experienced in acute stress in situations, such as public speaking, is associated with changes in saliva, i.e., changes in protein composition and, consequently, changes in salivary properties [38] . Perceived mental stress from current stressors and anticipation of stressful events induces changes in salivary composition and properties [1] .
The fluoride kinetics of the semihomeostatic environment of saliva has been analyzed by a number of studies. In general, the salivary bioavailability of fluoride has been shown to depend on the ratio between free and bound fluoride. The higher the free fluoride content, the greater is its bioavailability [8, 9, 32, 35] . The salivary bioavailability of fluoride varies at different sites within the oral cavity [32] and depends upon the physiological and psychological condition of the individual subject.
However, it is not known whether psychological stress affects the salivary bioavailability kinetics of topically applied fluoride ions. Therefore, the present study aimed to examine the impact of acute psychological stress on the bioavailability kinetics of topically applied fluoride ions in whole saliva. Two product brands that exhibit different bioavailability of fluoride in saliva: amine fluoride (AmF) in a dentifrice foam/ saliva mixture and sodium fluoride (NaF) as an oral hygiene tablet dissolved directly into saliva [8, 9, 32] , were used for topical fluoride exposure. The saliva secretion rate and fluoride content were determined to assess the effect of acute psychological stress on the bioavailability of fluoride ions.
The aim of the study was to investigate the fluoride kinetics in saliva after acute stress exposure with two different fluoride formulations. We hypothesized that there would be differences between the control and stress groups in the fluoride kinetics and no differences between amine fluoride in the dentifrice and sodium fluoride (NaF) from a dissolved tablet.
Methods

Subjects
Sixty-four healthy male subjects participated in this randomized controlled study. Consent was obtained after verbal and written information was presented concerning the aim of the investigation. All subjects received written instructions regarding the tooth-brushing method and were asked to brush their teeth carefully to avoid blood contamination from gingival lesions. Subjects were also provided a schedule of the study design. The participants were dental and medical students in their first or second year of study. Only males with good oral health were included; females were not included in the study because the female hormonal cycle influences salivary cortisol levels. Patients taking hormonal medication, presenting endocrine or psychiatric diseases, or having State-Trait Anxiety Inventory STAI scores that indicated clinical relevant anxiety or depression were excluded. All test subjects were residents in an area with ≈ 0.2 ppm fluoride in the drinking water and used fluoride containing dentifrices twice daily [14] .
Subject characteristics
Sixty-four healthy male subjects participated in this study. Ten subjects were excluded from the study because the public speaking task did not result in a significant increase of salivary cortisol levels compared with baseline levels. In total, 54 participants were included and divided into four study groups: stress + AmF (n=11), stress + NaF group (n=11), control + AmF group (n=16) and control + NaF group (n=16). The subjects did were close in age (mean age 23.8 ± 2.3 years), education (all participants completed secondary school), and body weight (mean body weight 79.3 ± 7.3 kg); the average number of teeth was between 21 and 32 (28.83 ± 2.12). The habitual daily liquid consumption of these subjects was between 1.0 and 4.0 liters.
Study design
The study protocol was approved by the Ethical Committee of the University of Witten/Herdecke (permission 39/2009). The subjects were randomly assigned to either a stress (n=32) or resting control condition (n=32). They were also randomly assigned to either use AmF or NaF, resulting in four groups: stress + AmF, stress + NaF, resting control + AmF, and resting control + NaF. To prevent circadian rhythms from influencing cortisol concentrations, all procedures were conducted in spring between 2:00 p.m. and 4:30 p.m. [18] .
The experimental session began with unstimulated saliva collection for 5 min at 2:00 p.m. to provide base-line samples (T0). The subjects were then exposed to an acute stressor, a 2-minute public speaking task, as previously described [39, 40] . All public speaking tasks were performed in the same classroom at the university. The audiences were composed of university lecturers and students seated before the subjects entered the room. After entering the room, subjects were informed that the speech would be recorded and evaluated, and the subject received a topic concerning general knowledge that was unrelated to his specifi c education. After 1-min preparation time, the subject began speaking. Saliva samples were collected immediately after the public speaking task (T1). Subjects then brushed their teeth for 3 min with oral hygiene tablets (NaF) or dentifrice (AmF). Saliva samples were collected immediately (T2) and 10 (T3), 30 (T4) and 120 (T5) min after brushing ( Figure 1 ). The control groups underwent the same protocol without the public speaking task.
Fluoride products
AmF was administered as dentifrice (ELMEX®, Gaba, Lörrach, Germany) containing 1400 ppm fl uoride from Olafl ur®. One gram of dentifrice was weighed and administered onto the toothbrush. Amine fl uoride is a cationic tenside with a large hydrophobic alkyl group and polar hydrophilic tertiary amine with fl uoride as the anion.
NaF was administered as oral hygiene tablets (DENTTABS®, innovative Zahnpfl egegesellschaft mbH, Berlin, Germany) containing 4350 ppm fl uoride. The weight of one tablet was 0.33 g; this amount of NaF is equal to 1450 ppm fl uoride in 1 g of dentifrice. Sodium fl uoride is an ionic salt that dissolves to yield separated Na+ and F− ions. In protic solvents, such as water and saliva, anions are bound by ion-dipole interaction. The hydrogen bonding is greater for small anions, such as fl uoride, and dissolution is much easier [41] .
Tooth brushing and saliva collection
Six saliva samples were collected per subject (T0-T5): at baseline before the public speaking task (T0) and before (T1), immediately (T2), 10 (T3), 30 (T4) and 120 (T5) min after tooth brushing (Figure 1 ). To standardize tooth brushing, all subjects brushed their teeth with the same toothbrush model (ELMEX®, soft, short head, "elmex Kariesschutz interX") for 3 min with the same technique (Bass' tooth brushing method) [42] . All saliva samples were collected by spitting into 20 ml tubes for 5 min except for the T2 samples (stimulated saliva during the 3-minute tooth brushing).The subjects were in a silent atmosphere in a seated position with eyes open, head tilted slightly forward, making minimal orofacial movement. Saliva sampling procedures without visible blood contamination were collected following the recommendations of Tornhage [18] . Mouth rinsing was conducted immediately after collecting the T2 samples with 10 ml of tap water within 10 seconds. Immediately after collection, the saliva samples were centrifuged, frozen and stored at -80°C until assessed for fl uoride and cortisol concentrations.
Psychological stress-response assessment
Psychological responses to the public speaking task were assessed using the validated state version of the State-Trait Anxiety Inventory (STAI) [43] .
Cortisol assessment
Salivary cortisol levels were measured using a commercial enzyme-linked immunosorbent assay (Cortisol ELI-SA, IBL International, Hamburg, Germany) according to the manufacturer's instructions. The cross-reactivity of the anti-cortisol antibody with other relevant steroids was 7.0% (11deoxycortisol), 4.2% (cortisone), 1.4% (corticosterone), 0.35% (progesterone), and <0.01% (testosterone, estrone, estradiol, estriol). Intra-and interassay variance were 4.8% and 5.9%, respectively.
Fluoride assessment
The amount of whole saliva was determined by weighing, and the saliva was then centrifuged (B Centrifuge, Beckman Instruments Inc., Krefeld, Germany) for 10 min at 3024 g in micro-centrifuge tubes. Centrifuged samples were frozen at -80°C. For the fl uoride measurement, an aliquot of 1 ml was taken and mixed with 1 ml of TISAB II buffer solution (Thermo Electron, Beverly, MA, USA). The salivary fl uoride content was analyzed using a fl uoride-sensitive electrode (96-09 Orion, Thermo Electron, Beverly, MA, USA). We used two analytical techniques: direct calibration performed in a series of prepared samples of 0.4, 4.0, 40.0 and 400.0 ppm fl uoride [44] and incremental techniques (method of a known addition of low ionic strength samples with fl uoride concentrations less than 0.4 ppm).
Standard fl uoride solution (SFS) was added to samples with fl uoride concentrations less than 0.4 ppm, resulting in a concentration that could be measured with an electrode calibrated between 0.4 ppm and 4 ppm. The sample concentration was determined as follows: fl uoride concentra- tion of the saliva sample = (concentration of the mixture with SFS -(SFS concentration / 2)) / 2. This method, also known as the method of known addition [44] , allows measuring samples with concentrations less than 0.4 ppm with the calibration interval after direct calibration.
Statistical methods
Prior to data analysis, the Levene's and KolmogorowSmirnow tests were calculated to assure the equality of variances and a normal distribution of the data. Group comparisons concerning baseline variables were conducted using univariate analyses of variance (ANOVA). A repeated measures analysis of variance with time and group factors (i.e., stress + AmF, stress + NaF, resting control + AmF, resting control + NaF) was used to analyze stress responses. For post-hoc comparisons of the group means at individual time points, the two stress (i.e., AmF, NaF) and two resting control groups (i.e., AmF, NaF) were collapsed, and independent sample t-tests for the stress condition versus resting control condition were conducted. In all analyses, the alpha-level was set at 0.05.
Correlations were calculated using the Pearson correlation. In all analyses, the alpha-level was set at 0.05. Data analysis was performed using the Statistical Package for the Social Sciences version 18.0 (SPSS, Chicago, IL, USA).
Results
Psychological and endocrine stress responses
Both stress groups showed a marked increase in STAI scores in response to the public speaking task, but STAI scores remained unchanged in both resting control groups (F=3.0, p<0.001, ANOVA time x group interaction effect; Figure 2 ). Additionally, state anxiety scores were signifi cantly increased across all time points in the stress groups compared with the resting control groups (F=9.2, p<0.001, ANOVA group effect).
The public speaking task induced a signifi cant increase in saliva cortisol levels in both stress groups compared with the baseline levels, whereas no changes were observed in the resting control groups (F=13.3, p<0.001; ANOVA time x group interaction effect; Figure 3 ). Cortisol levels were signifi cantly elevated in the stress groups across all time points (F=9.6, p<0.001, ANOVA group effect). Post-hoc tests indicated signifi cantly elevated cortisol levels in the stressor conditions compared with the resting control conditions immediately after (t=-3.3, p<0.01) and 10 min after the public speaking task (t=-7.3; p<0.001).
Subject characteristics
The average amount of unstimulated saliva at baseline (T0) was 1.03 ± 0.62 ml/min and ranged from a minimum of 0.15 ml/min to a maximum of 1.79 ml/min. Immediately after the public speaking task (T1), the average amount of unstimulated saliva was 0.55 ±0.22 ml/min and ranged from a minimum of 0.10 ml/min to a maximum of 1.02 ml/ min. In all groups, the saliva secretion rate expectedly showed a signifi cant increase after stimulation with oral hygiene products (F=73.1, p<0.001, ANOVA time effect), but no evidence for group differences or a group by time interaction was observed. After excluding the data from time point T2 from the data analysis (where saliva fl ow was stimulated by tooth brushing), no signifi cant changes in salivary fl ow rate were detected (F=1.2, p>0.32; Figure 4) .
No correlation was found between the salivary fl ow rate and habitual daily liquid consumption (R=0.08, p=0.567) or body mass (r=0.261, p=0.057).
Fluoride bioavailability
Fluoride levels in saliva were signifi cantly increased after tooth brushing in all four groups, as expected (F=828.2, p <0.001, ANOVA time effect). Interestingly, the increase of bioavailable fl uoride was lower in both stress groups compared with the resting control groups (F=2.3, p<0.01, interaction effect; Figure 5 ). Stressed individuals exhibited lower fl uoride concentrations in saliva immediately after tooth brushing (T2) compared with the nonstressed subjects, with a statistically signifi cant difference in the AmF group (p=0.04) ( Table 1 ), In the stress group with NaF application, the decrease in fl uoride concentrations in the T2 saliva samples compared with the control group was not signifi cant (Table 2 ). Figure 5b. Fluoride concentration kinetics from T0 to T5 for all NaF control and stress groups (logarithmic scale). The increase in bioavailable fluoride was lower in both stress groups compared with the resting control groups.
Discussion
Stress has various systemic effects and impact on general health. The influences of stress on atherosclerosis, diabetes, and myocardial infarction are just a few examples and may be explained by genetic polymorphism of the vascular endothelial growth factor gene [45] . It can be assumed that stress might also have some effects on oral health. Fluoride bioavailability is crucial for maintaining the balance between the demineralization and remineralization of enamel on the tooth surface [46] . It is dependent on various factors, such as salivary flow rate and composition [47] and the application of topical fluorides and their formulation [8] . Salivary flow rate and composition are influenced by the sympathetic and parasympathetic nervous systems [20, 48] . The sympathetic nervous system, which coordinates stress reactions, is primarily responsible for the secretion of salivary proteins accompanied by exocytosis in acinar cells [20, 49] . Acute stress changes saliva composition, s-IgA, cortisol secretion [17, 30, 50] and salivary protein concentrations, especially the alpha-amylase [38, 51] . The mechanisms related to changing saliva composition can lead to an alteration of salivary fluoride bioavailability and decrease in fluoride mineralization properties.
Therefore, the present study used a standardized acute stress model under controlled clinical conditions to assess the potential impact of acute stress on the saliva secretion rate and kinetics of fluoride bioavailability. Data collected from the two groups with different topical fluoride exposure before and immediately after exposure to acute psychological stress were analyzed in comparison with nonstressed control groups. State anxiety levels and saliva cortisol concentrations were significantly higher in both stress groups, confirming the effectiveness of the stress protocol applied (public speaking).
The salivary flow rate, circadian differences in salivary flow rate and liquid consumption also have an impact on oral health [15, 52] and general health [52] . In the present study, the volume of saliva secreted by healthy men with a daily liquid consumption between 1 and 4 liters during the day was within the physiological range of 0.62 ± 0.37 g/min. These data are in agreement with the study by Llena-Puy [16] , who found that saliva secretion is influenced by numerous physiological parameters. The acute stressor did not change the rate of saliva secretion in that study, confirming the results of the Bosch et al. study [38] in which subjective arousal and state anxiety was elevated for 2 hours after stress exposure. The present data are in agreement with results of the Bosch 1996 study, which demonstrated an increased total protein output until two hours after the stressor, whereas salivary flow rate was unchanged. This finding indicates that the dry mouth feelings experienced during public speaking are not connected with lower saliva secretion but with changed saliva composition.
The Bosch 1996 study also presented data indicating that Streptococci aggregation was reduced under stress and was not correlated with changes in salivary flow rate, s-IgA concentration, total protein concentration, or alpha-amylase activity. It was suggested that the reduced bacterial aggregation may be a contributing factor in the frequently reported relationship between stress and impaired oral health. The Bosch et al. [51] study indicates a direct link between stress-mediated biochemical changes in saliva and altered host-microbe interactions in humans. However, the physiological, psychological, and behavioral consequences of acute stress are likely to be unique to the individual in the short run, and are dependent on the type and duration of stress [53] . The only parameter showing no adaptive tendency is salivary fluoride bioavailability, which appears to be dependent upon fluoride formulation under stress.
In the present study, the comparison between the control and stress groups after NaF application revealed no statistically significant differences in salivary fluoride bioavailability, whereas immediately after tooth brushing (T2) with AmF, the salivary fluoride bioavailability in the stress group was significantly decreased (p=0.044) compared with the control group. This phenomenon may be explained by the binding of the alkyl group of the Olaflur. Bosch et al. [51] Table 2 . Saliva fluoride concentration in the NaF control and NaF stress groups.
hesive characteristics of saliva are increased after acute stress. These researchers also hypothesized that the interaction between AmF and the increased salivary protein secretion after acute stress may result in decreased fluoride bioavailability. It has already been shown that stress leads to an acute increase in salivary protein concentrations, especially alpha-amylase [17, 38] . Thus, it can be hypothesized that repeated acute stress over a prolonged period of time may result in decreased fluoride bioavailability in saliva.
Conclusions
The results of the present study demonstrate that bioavailable fluoride in saliva under experimentally wellcontrolled acute stress conditions decreases and that the level of decrease depends upon the fluoride formulation used.
